Isopycnic centrifugation in ionic media is an invaluable technique, yet many experiments are done on an empirical basis: conditions to achieve acceptable separations are determined by a process of trial and error. Marked improvements in separations and/or decreases in centrifugation time can often be realized by proper design of experiments. The factors affecting separations by isopycnic banding are well known, and it is a simple matter to predict the best conditions for any particular separation by taking them into consideration. This approach is commonly used for analytical ultracentrifugation, but not very often for separations in preparative ultracentrifuges. The reason for this appears to be the complexity of the mathematics involved. However, as discussed elsewhere in detail (Fritsch, 1975; Birnie, 1978), a simplified set of equations (Table 1) allows valuable predictions to be made with regard to isopycnic separations in preparative ultracentrifuges. Although these simplified equations are not strictly accurate, the errors are small: they have the advantage that their use requires no more than simple arithmetic.
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Equilibrium gradients
The most common method of generating a density gradient of an ionic solute in water is by centrifugation. The experiment is begun with a homogeneous mixture of the material to be banded in a solution of the salt that is to form the gradient. This mixture is centrifuged until (i) an equilibrium salt gradient has been established and (ii) each species of particle in the mixture has reached its isopycnic point (that point in the gradient at which the density equals the buoyant density of the particle). To choose the best conditions for each experiment the questions to be answered are these. What density gradient will be formed?
What will be the position in it of a given density? How long will the gradient take to form? How long will it take for the particles to reach their equilibrium positions?
Numerical answers to these questions are obtained from derivations of the general equation of equilibrium centrifugation (eqn. 1 in Table 1 ). Combination of the terms that depend on the gradient solute, its concentration and its thermodynamic properties (M, U and a ) with R and T gives a single term, p, the density-gradient proportionality constant. Values of /3' for several ionic solutes at various concentrations in aqueous solutions have been calculated (see Birnie, 1978) . For example, for CsCl at 25°C solutions of density 1.50, 1.60 and l.70g/cm3
have p values of 1 . 2 2~ lo9, 1 . 1 7~ lo9 and 1 . 1 4~ 10" respectively; for Cs,SO, at 25OC the corresponding p values are 0.64 x lo9, 0.66 x lo9 and 0.69 x lo9. Then, translation of angular velocity (w rad/s) into rev./min results in eqn. (2) from which the slope, dp/dr(g/cm3 per cm) at any point r cm from the centre of rotation is easily calculated. Moreover, integration of eqn. (2) gives eqn. (3), from which the difference in density between any two points in an equilibrium gradient can be determined. Usually, however, we require to know the actual densities at, say, the top and the bottom of a gradient. To calculate these, the radius (rc) of the iso-concentration point (the point in the gradient at which the density equals that of the initial salt solution) must be estimated from eqn. (4) (sector-shaped compartments) or eqn. (5) (tubes in swing-out rotors). The geometry of other gradients is more complex; however, the error introduced by using eqn. (5) Table 2 . dp M ( l -V ) dp 
N2r,s2,~w x dpldr Equations of practical use.
Vol. 8 Density at the iso-concentration point (=pl) p,
Initial density of the gradient solution p I , p1 Densities at radial distances r, and r, respectively pr, pb Densities at top and bottom respectively of the gradient p, Buoyant density of the particles dp/dr Slope (g/cm3 per cm) of the gradient
In
Natural logarithm (log,) Time (h or s as noted) Time to equilibrate gradient and particles respectively Density-gradient proportionality constant 'the density at the bottom (eqn. 6) and the top (eqn. 7) of the gradient. Eqn. (3) can similarly be used to calculate the density at any point of known radius in the gradient, and vice versa.
The time required to form a density gradient of a salt (within 1% of the true equilibrium gradient) is simply calculated from eqn. (8) (Van Holde & Baldwin, 1958) , which shows t, to be dependent on the square of the length of the liquid column in the centrifugal field and a constant k. The latter is inversely proportional to the diffusion coefficient of the solute: since k = 5.6 for CsCI, the value of k for another solute is readily determined from the diffusion coefficients of CsCl and the other solute. Calculation of the time required for particles in the original homogeneous mixture to migrate to their isopycnic positions in an equilibrium gradient is, admittedly, a less simple matter. Although accurate values for several parameters in eqn. (9) (Fritsch, 1975) are readily available, it is necessary to use approximations for several others. First, a value for (rb-rt)/u, a measure of the 'tightness' of the isopycnic band to be formed, must be chosen. Although (rb-rt)/u may be 50 for highmolecular-weight ()lo7) particles in long 0 5 cm) gradients, a more reasonable value in the case of small particles (molecular weight <lo6) in short (<2cm) gradients is 20. Secondly, for s, the sedimentation coefficient of the particle in a solution (density p,) of the same solute, we substitute s ,~,~ x IO-l3; thus for pm we use the density of water. (This holds for low-viscosity solutions such as CsCI; if the viscosity of the gradient solution is substantially greater than that of water, the value for s must be adjusted accordingly.) Making these substitutions in eqn. (9), and translating angular velocity (w) into rev./min (N), gives eqn.
(lo), which, although not giving precise estimates of t,, is of considerable practical value. Shooter (1963) have shown that the time for which the slope of the original gradient is maintained at the middle of the column is given by eqn. (1 1); the slope is maintained over about the middle third of the gradient for half of that time (eqn. 12). Again, the value of the constant (k') is inversely proportional to the diffusion coefficient of the solute. The time required for a particle to migrate to within I% of its isopycnic density is given by eqn. (13) (Baldwin & Shooter, 1963) . A more immediately applicable equation for estimating tp (eqn. 14) is obtained if the same approximations are substituted in eqn. (13) as were used to generate eqn. (10) from eqn. (9).
Predictions
To illustrate the use of these equations, consider a homogeneous mixture of particles (szOew = IOS, p = 1.65g/cm3) in c s c l @, = 1.7~g/crn3) centrifuged at 40800rev./min in a 2cm-long column (rt = 6.5cm, rb = 8.5 cm) at 25OC. The overall range of the equilibrium gradient formed is:
1.1 x 10-2 x (4 x 1@)2 2 x 1.14 x 109 Pb-Pt = x (8.52-6.52) = 0.232g/cm3 (eqn.
3)
The radius of the iso-concentration point is:
r,=[3(6.S2+6.5 x 8.5+8S2)1'=7.52cm (eqn.
)
The density at the bottom of the gradient formed is:
1.1 x 10-2 x (4 x 1@)2 2 x 1.14 x 109 A, = 1.700+
x (8.52-7.522) = 1.82g/cm3 (eqn. 6) and that at the top of the gradient is:
1.1 x 10-2x (4 x 1@)2 2 x 1.14 x 109 pt = 1.700-x (7.522-6.52) = 1.59g/cm3 (eqn. 7)
The position occupied by the particles at equilibrium is: I ' 2 x 1.14 x 109 1.1 x 10-2x (4 x l@)2 x (1.65-1.59) = 7.07cm (from eqn.
The time taken for the gradient to form is:
I, = 5.6 x (8.5 -6.5)2 = 22.4 h (eqn. 8) and the time for the particles to reach equilibrium is: 9 . 8 3~ lO"x 1 . 1 4~ 109x(1.65-1) tp = (4 x 1094 x 7.072 x 10 = 57 h (eqn. 10) If the same experiment were done by preforming the equilibrium gradient and centrifuging the particles into it, the time required for them to migrate to their isopycnic position would be: 2.53 X 10" X (1.65 -1)
(4 x 1092 x 7.07 x 10 x 0.104
Preformed gradients
If the particles to be banded migrate to their isopycnic points much more rapidly than an equilibrium gradient forms, it will be advantageous to introduce the particles as a thin layer on top of It should be noted that, if the. gradient had not been an a preformed gradient. In these circumstances, Baldwin & equilibrium one, the original slope would have been maintained 590th MEETING, SHEFFIELD Three properties of cell organelles have proved useful in providing a basis for their fractionation, namely size, density and surface charge. Of these, surface charge has proved the most difficult to exploit and, although it has been known for some time that valuable results could be obtained (Stahn et al., 1970) , it is only recently that reliable apparatus for the preparative electrophoresis of cell organelles has become available. Hence almost all methods for separating cell organelles have depended on differences in size and/or density. Anderson el al. (1966) long ago pointed out that, for the purposes of fractionation, cell organelles could be thought of as occupying a distinct zone in a two-dimensional diagram of which one dimension represents size (normally shown as s, the sedimentation coefficient) and the other dimension density (p). Examples of s-p diagrams are to be found in most works on density-gradient centrifugation (e.g. Anderson et al., 1966; Hinton & Dobrota, 1976). In such diagrams the small particulates such as ribosomes and their subunits are shown as points, for such structures are uniform in their composition. Membrane-bounded cell organelles and the vesicles deriving from membrane systems are, on the other hand, variable in both size and density. The question now asked is whether the heterogeneity in size and density of membrane-bounded cell organelles is simply 'accidental' or whether it partly reflects differences between different subclasses.
Fractionation studies in our laboratory have been based principally on the use of zonal rotors (Hinton & Dobrota, 1976) . Initially tissue homogenates are fractionated into the four fractions used in the earliest cell-fractionation experiments (see de Duve, 1971) . namely large particulates (N fraction), medium-sized particulates (M + L fraction), small particulates (microsomal fraction) and non-sedimentable material (cytosol).
In common with other workers (Leighton et al., 1968) , we find little advantage in separating the M and L fractions when proceeding to further fractionation by density-gradient centrifugation. We then subfractionate the three particulate fractions by density-gradient centrifugation. This is normally carried out in two stages. Firstly particles are separated according to their sedimentation rate in a long-path-length zonal rotor. Then selected fractions are subfractionated by isopycnic banding. Most of our studies have been carried out on rat liver. Even greater heterogeneity of cell organelles is found in other tissues, such as kidney (e.g. Andersen et al., 1980) , but analysis of the causes of heterogeneity of cell organelles in tissues other than liver is impeded by the great number of cell types. We have used sucrose density gradients in most of our studies. It is however, clear that the banding densities of organelles differ in different media ( Table 1) and, most interestingly, that there are marked differences in the relative densities, so that, for example, use of metrizamide gradients make possible the separation of normal liver lysosomes from peroxisomes and mitochondria (Wattiaux  et al., 1978) .
Of the three particulate fractions separated from a liver homogenate by differential pelleting, the large particulate (N) fraction is the least complex. An excellent separation of the major components can be obtained by a single centrifugation in an A-XI1 zonal rotor with a complex density gradient (Hinton  et al., 1970) . Smaller, contaminating, organelles such as mitochondria are separated from large sheets of plasma membrane and erythrocytes. Nuclei and whole cells are not separated in this procedure. Nuclei can, however, be purified by isopycnic banding and may then be subfractionated by rate sedimentation, which separates nuclei of non-hepatocytes from those of hepatocytes and fractionates hepatocyte nuclei according to their ploidy (Johnston & Mathias, 1972).
The cell organelles recovered in the M + L fraction are all heterogeneous in size and density. These variations arise from a number of causes. The non-uniform distribution of marker enzymes among mitochondria separated by rate sedimentation appears to reflect differences between mitochondria from different circulatory zones of the liver (Swick et al., 1967) . Electron-microscopic evidence shows that the mitochondria of non-hepatocytes are much smaller than those of hepatocytes (Blouin et al., 1977) but are also few in number. Differences in density among mitochondria, however, appear to reflect principally damage occurring during homogenization or during separation (Wattiaux et al., 197 1) . Differences between the distributions of lysosomal marker enzymes after fractionation 
